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Abstract. In the domain of designing innovative products in the medical 
field, investigations are often oriented towards communication between actors 
and needs comprehension. In the DESTIN (DEsign of Surgical/Technological 
INnovation) project, User Centered Design methodology with concrete experi-
ments is applied. Researchers propose emulations in an operating room for co-
evaluation of innovative products and new adapted surgical procedures. In this 
paper, they intend to evaluate the usage of the product in a virtual environment 
using a 3D haptic feedback system. Researchers not only propose a better ergo-
nomic situation of the physician in front of the operating screen, but also in-
crease the performance of the simulator in order to allow the manipulation of 
the innovative surgical instrument developed. We used virtual reality environ-
ment and the manufactured prototype with the aim to validate the new surgical 
procedure and the innovative designed surgical instrument. 
Keywords: Virtual Reality, 3D-Haptic feedback system, Prototyping, User 
Centered Design (UCD), Minimally Invasive Surgery 
1. Introduction 
The development of new technologies in medicine can significantly improve the ef-
fectiveness. On the contrary, the use of more complex systems tends to make the 
practice of medicine more difficult. In particular, this complexity reinforces the im-
portance of preoperative planning and postoperative monitoring. New technologies in 
informatics and virtual reality allow physicians to better interpret the enormous 
amount of information that is provided by the imaging systems or therapy systems 
[1]. Specifically, virtual reality allows better understanding, better planning and better 
work through visualization of three-dimensional images of anatomy and pathology. In 
addition, virtual reality supports the practitioner through the stages of diagnosis, ther-
apy, and postoperative monitoring. 
The main aim of DESTIN project (Design of Surgical-Technological INnovation) 
is to propose a new methodology focused on this specific context: How to create a 
new operative surgical procedure and innovative surgical instrument when a new 
medical approach is imagined? 
 
The specific surgical application we are working on addresses thoraco-lumbar frac-
ture. The current "classical" procedure is carried out with the patient in the prone 
position under general anesthesia. The surgeon performs a posterior open approach 
through a 15cm large incision. The posterior vertebral arch is exposed. Pedicle screw 
entry points are chosen by direct visual control and they are fixed to the vertebrae. 
Rods are placed to connect the pedicle screws together. Prone placement added with 
rod-screw connection provides reduction of the trauma deformity and durable stability 
Thus, vertebrae are preventing from moving while bone healing and graft fusion takes 
place. 
The new surgical procedure proposed by the surgeon consists in inserted the rod 
inside the pedicular screw in MIS (Minimally-Invasive Surgery). Thus, new little 
incisions should allow the insertion of the rod in the three pedicle screws.  
 
Currently, researchers, designers and the medical staff regularly work in the real 
operating room. This work was very effective but necessitates heavy organization and 
management (mainly in the hospital), the creation of mannequins, the manufacturing 
of many prototypes, etc. 
To facilitate this procedure, we create a CATIA CAD model of the virtual operat-
ing room. It integrates patient, medical equipment and surgical instruments. In this 
virtual environment, the surgeon has to manipulate the virtual surgical instrument on 
the virtual patient's spine (the spine has been modeled in a compatible format as the 
CATIA environment and integrated in a mannequin placed on the operative table). 
The goal of this exercise is to provide information to the designers for the validation 
of the innovative surgical instruments during the design process. At the same time, it 
also allows surgeons to perform the operative procedures with haptic feedback as in 
the real operative case. 
 
The difficulty in our research concerns the ability to sufficiently represent the vir-
tual environment for the co-validation of the medical procedure and the innovative 
surgical instrument.  
Knowing that surgeons can already manipulate the virtual innovative surgical in-
strument using a 3D-Haption© haptic system in the virtual operating room, the re-
search questions can be summarized as follow: 
- How to modify the configuration of the virtual reality room and the physical 
interface for a better integration of the physician in the virtual environment? 
- Which are the optimal dimensions of the virtual surgical instruments for a 
best representation and manipulation of the real surgical intervention using 
the 3D-Haption© haptic system? 
To answer these questions, this research methodology is proposed:  
- To research some ergonomic references in the surgery domain and compare 
them to our virtual reality room organization, 
- Secondly to design and to link a new physical interface to the arm of the 3D-
Haption© haptic system, 
- To modify the virtual model and to compare the surgical intervention feasi-
bility with the real one. 
 
In this article, we firstly present the User Centered Design methodology we use 
during our study. Then we focus on the virtual reality and ergonomic applications and 
research in the surgical field. This first step allows us to analyze the general situation 
in the world. From this work, we propose modifications and adaptations of our current 
virtual operating room and 3D-Haption© haptic system user interface. 
Next, we present the results of the manipulation in virtual environment and conclu-
sions concerning its efficiency related to the situation in real situation. 
2. User Centered Design 
User Centred Design (UCD) is considered as one of the cornerstones theories about 
user involvement. UCD, as a design approach, was first time introduced in NF EN 
ISO 9241-210: Human-Centred Design Processes for Interactive Systems [2]. The 
main issue is how to involve, integrate and consider the end-user and its requirements 
throughout the product design process. This ISO 13407 model proposes technical 
points the project must encompass to be considered as human centred: 1 – a certain 
knowledge of the end-users: their tasks and of their environment – 2 – an active par-
ticipation of these end-users, the clear understanding of their needs and the require-
ments linked with the tasks – 3 – an appropriate distribution of the end-
users/technological functions – 4 – an iterative design solution – 5 – the intervention 
of a multidisciplinary designing team. This is necessary to better interpret the end-
user, its knowledge and how-know: human factors, information architecture, design, 
quality, marketing, etc. 
The UCD cycle is decomposed into six main steps (Figure 1). It is an iterative 
cycle (step 2 to 5) which ends when the system answers the end-user requirement 
(step 6). 
 
 
 
Fig. 1. The six steps of the UCD cycle 
 
To better understand this UCD design steps, Jokela et al. propose another interpre-
tation of this NF EN ISO 9241-210 UCD Process. They explain more concretely how 
it can be applied on a project and suggest a new UCD process model [3]. Another 
important issue in UCD is how identifying and selecting relevant end-users in the 
development work. In practice it is commonly possible to involve only a limited 
number of users, and therefore it is very important to define criteria in order to select 
the most “representative users” to centre the design on their requirements and expec-
tations 
3. Virtual reality, ergonomics and their application in surgical 
field 
3.1. Virtual reality and application to the surgical field 
Virtual Reality (VR) is an interactive immersive data-processing simulation in real or 
imaginary environments. Currently, the technology of RV was applied in many dif-
ferent fields such as: formation by simulator (driving vehicles, aerospace), design of 
products, the simulation of surgery, meteorology… 
In the surgical field, the laparoscopy is a new procedure which requires surgeons to 
observe the operations on a monitor and requires acquisitions of new competences. 
This Minimally Invasive Surgery (MIS) differ from the opened surgery by the fact 
that the surgeon operates through small incisions and uses specific instruments as 
scalpel, grips, nets, etc. [4]. In spite of its many advantages (faster recovery of the 
patients, less damage with healthy tissues and smaller scars, less pain and less need 
for drugs), the MIS requires a long time training eyes-hands coordination. 
Researches developing the haptic control feedback device can be found in [5-7]. 
To follow the user intentional movements, by interaction between hand and device, 
high powerful haptic devices must be able to produce force feedback. Consequently, 
it is essential to closely examine the human touched and the constraints of application 
during the construction of these devices. A haptic interface with 4 degrees of freedom 
was designed by Guiatni et al. to compare it with devices commercially available [4]. 
This device has the capacity to offer force feedback in all the degrees of freedom 
available during the MIS procedure. 
In our case, researchers, designers and physicians work together on the develop-
ment of a virtual environment to simulate a MIS operation on the spinal column. The 
goal is to create an integral virtual surgical environment with surgical instruments and 
haptic feebdack in a model of the operating room. 
3.2. Ergonomics in the surgical field 
Ergonomics is a relatively new science. It is based on the models in the design of 
machines and tools that optimize the performance of users. In order to improve the 
simulation conditions in virtual reality surgery environment  that create the better 
immersion for surgeons who will eventually be the primary user of this innovative 
surgical instrument, we had to first study some articles to  find the factors that influ-
enced the comfort of surgeons during operations in the operating room. The optimum 
ergonomic position of the monitor was defined according to various sources in the 
literature [8], [9], [10], [11]. The monitor was at a distance of 0.6 m apart from the 
subjects’ eyes. The monitor height (from the middle of the screen to the ground) was 
between the operating surface and eyelevel height, and the monitor was inclined (to a 
maximum of 15°) as by the subjects.  
The optimal operating surface height was 80% of the elbow height and the table 
was positioned in 20° tilt. [12]. 
In an article submitted by Gurvinder Kaur [13], he conducted a test to find the 
height of the ergonomics table in the minimally invasive surgery. This study aims to 
propose an ergonomic table height required for the surgeon height so they can per-
form comfortably in the operation. In this study, the height of the table has an effect 
on the upper joint movements of the shoulders, arms and wrist during laparoscopy. 
Table height should vary from 65 to 90 cm from the floor. The surgeon should be able 
to adjust the table corresponding to his/her height in order to bring upper joint move-
ments to the minimum position with the resultant less discomfort in the shoulder, 
back elbow and the wrist. After analyzing the ratio between the surgeon’s height with 
the height of the operating table, it was assumed that the height of the operating table 
should be calculated as follows:  
Table Height = Surgeon’s Height X 0.49 
 
The ideal posture for the MIS is supposed in the literature [14] and [15]. The arms 
are slightly removed, retroversion, and turned inward at the level of the shoulder (ab-
duction <30 °). The elbows are bent at about 90-120° of flexion. This position leads to 
the maximum force to be applied for a maximum duration. The head is slightly bent 
with an angle of between 15 and 45°. 
 
Through this study literature, we find that the virtual reality technology plays an 
important role in many areas. In particular, the applications of VR technique in surgi-
cal simulation have been developed to provide better and better ergonomic solutions 
which satisfy users. Through these studies, we can better consider the virtual reality 
room and design the components that give a better immersion for the surgeons. Thus, 
we can improve the ergonomics in surgical simulation by changing haptic interface, 
the position of the surgeon and his posture. 
4. Related works 
4.1. The surgeon posture 
To perform their operations with haptic sensation as in real surgical environment, we 
adapted and modified the haptic interfaces as well as the position of surgeon: 
- Setting the table height corresponding to the surgeon’s height. We chose ta-
ble height is equal to 0.49 of surgeon‘s height. [14]. Notice that it is now 
possible to adjust at real time the position of table? 
- Adjusting the distance between the screen and the surgeon’s position. Nor-
mally, this distance is 0.60 m, but with the giant screen in Virtual Reality 
room at our laboratory; we chose the distance of 1.5 m. 
- Changing position as well as the posture of the surgeon: the surgery is al-
ways in front of the screen, the direction of movement of the tool should be 
parallel with the spine. 
4.2. The new Human Machine Interface 
The practitioner manipulated the haptic arm using the 3D-prining machine handle 
(figure 2). The position of the physician was not comparable to the real operating 
room environment and the conditions of experimentation not ideal: 
- The surgeon was not in front of the screen and the posture position not com-
fortable. 
- The 3D-printing handle material was different than the final product’s one. 
Moreover, the idea is to use the same surgical instrument on mannequin in operat-
ing room and during the simulation. 
 
 
 
Fig. 2. Picture of the 3D-prining machine handle at the end of the haptic arm 
 
Through ergonomics studies, we can better consider the virtual reality room and 
design the components that can make a better immersion of the practitioner. Thus, we 
can improve ergonomics in surgery simulation by changing haptic interfaces to adapt 
with the position and posture of the surgeon. In order that the surgeon can use the 
haptic arm in the operating simulation as in reality, we thought to create an intermedi-
ate mechanical piece to hang the surgical instrument prototype (Protige) at the end of 
the haptic arm. The objectives of this adaptation are to give the surgeon a real sensa-
tion when holding the real instrument Protige and then to carry it in a direction paral-
lel to the spine’s main axis. 
Before the mechanic piece was fabricated, we carried out a numerical simulation to 
ensure the strength, deformation and constraints of the piece to work properly when it 
tightened the surgical instrument .We divided the simulation into two cases: 
- Test the strength of the piece under the Protige’s effort when the simulator is 
running maximum the instrument. 
- Test the tightness of the piece under the load of the screws so it could tight 
well Protige. 
The intermediate piece of aluminum has been made at our workshop by the Nu-
merical Control of Machine Tools (figure 3). We observe the 90° modification orien-
tation compared to the previous 3D-prining machine handle (figure 2) 
 
 
 
 
Fig. 3. The instrument tightened by the piece is tied to the haptic arm 
4.3. Testing the haptic sensation in the insertion of the rod with screw holes 
Concerning the simulations, the previous virtual surgical instruments dimensions 
never allows the insertion of the rod inside the pedicle screws head. The main objec-
tive of this test is to find optimal dimensions of the virtual surgical instruments and 
verify the friction sensation when inserting the rod into the holes of the pedicle screws 
head. Using a simplified virtual model, we test different manipulation situations (fig-
ure 4): changing screws holes diameters and rod diameters. We modified the diameter 
of the pedicle screw hole from 6 to 9mm. We also used different rod diameters: from 
4 to 6mm. 
To simplify the simulation with many different cases, we proposed a simple model 
of vertebral column and screws. Of course, the positional parameters between the 
screws and spine are respected as the MIS procedure. The new versions of models 
vertebral column and the screws are created using CATIA software. 
 
 
 
Fig. 4. The translation of Protige parallel with the spine position 
 
We ran several simulations with different views ("multiple views" on IFC CATIA 
software). So we set up a kind of viewpoints allowing the surgeon to possess more 
isometric views, each vignette characterizing a different spatial view. 
User moves the virtual instrument over the spine and we set the test duration up to 
one minute to validate the feasibility of the procedure phase. Five trials are conducted 
for each case. The experimental duration for each case were taken in order to deter-
mine the levels of difficulty in inserting the rod into the holes. A test was considered 
successful if the positioning time of the rod through the holes did not exceed one mi-
nute. 
We got the test results with different cases (see an extraction of the results in table 
1). Simulation is recorded by video to analyze the results as well as confirmation of 
results. 
Table 1. Results of the trials (in duration time)  
 
We have tested a maximum of the possible experimental conditions. Depending of 
the trauma cases, the physician has to use two or more screws inside the body. We 
asked the user to test the virtual insertion of the rod in 1, 2 and 3 screws. An extrac-
tion of the complete results is presented in table 2. 
Table 2. Conclusion for one specific configuration: extraction of the complete table. Hole of 
the screws: 8mm / diameter of the rod 4 and 4,5 mm 
 
“OK” means that the corresponding experiment is working well. For example, in-
serting a 4 mm diameter rod through 3 pedicle screws’ holes of 8mm takes less than 1 
minute. Inserting a 4.5mm diameter rod through 1 pedicle screws’ hole of 8mm takes 
around 1 minute. We qualified this situation as difficult (diff.). Finally, it is impossi-
ble for the user to insert the 4.5mm diameter rod through 2 or more pedicle screw 
holes of 8mm. 
 
The complete experiment shows that the 9mm pedicle screws’ holes always allow 
the insertion of the rod from 4mm to 5.5mm. For the 8mm pedicle screws’ holes, they 
are compatible with the 4mm rod diameter (insertion through 3 screws) and 4.5mm 
rod diameter (insertion through 1 screw). One of the reasons that prevent this inser-
tion is the precision of the collision detection between parts using the IFC CATIA 
software coupled with the haptic device. It doesn’t allow the relative movements be-
Rod diameter 
(mm) 
Duration of the trials (s) 
Screws’ hole: 8 mm 
Mean 
(s) 
Duration of the trials (s), 
Screws’ hole: 9 mm 
Mean 
(s) 
4 8 7 6 4 10 7 12 8 7 4 7 7,6 
4,5 60 50 120 90 60 76 5 7 8 8 9 7,4 
5       5 8 9 8 7 7,4 
5,5       10 8 8 11 9 9,2 
Rod diameter 
(mm) 
Number of screws Duration of the trials (s) 
1 2 3 1 2 3 4 5 Mean (s) 
4 OK OK OK 8 7 6 4 10 7 
4.5 diff. imp. imp. 60 90 120 50 60 76 
tween rod and holes even if the rod’s diameter is smaller than screws’ holes. 
Moveover, the durations of the trials depend of the user’s experience. 
5. Conclusion 
In this study, we not only propose a better ergonomic situation of the physician in 
front of the operating screen, but also increase the performance of the simulator in 
order to allow the manipulation of the real innovative surgical instrument developed. 
We used virtual reality environment and the manufactured prototype with the aim 
to validate the new surgical procedure and the innovative designed surgical instru-
ment. For that, an adaptation piece has been designed, manufactured and manipulated. 
This adaptation has really increased the real sensation of the user in front of the virtu-
al reality screen. 
Moreover, the disposition of the experimental room and the user has evolved. The 
modification of the model and the different trials with different users allow research-
ers to find parameters which influence the quality of physical sensation. This activity 
will allow  
- Designers to propose tools and models more realistic for effective simula-
tions during the design process. In consequences, design choices can be more 
precise 
- Physicians to quickly evaluate and validate an adapted operative procedure. 
These experiments with users and researchers give us some qualitative results. The 
next step will be the evaluation of the complete virtual environment (with different 
dimensional models) with numerous expert surgeons to: 
- validate the design of the surgical instrument 
- quantify the sensations of the experts 
The surgical instruments developed are generally composed of multiple mobile 
parts. One of the future objectives will be to work on the possibility to manipulate all 
the parts of the product in virtual reality. This objective imposes the integration of 
multiple cameras and markers in the experimental room. 
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